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The following pap·er investigates ·the effect which 
. pressure has on the joint conductance bet:t~een two con-
-~·-· 
centric, thick walled, low carb~n steel cylinders in .. 
0 
direct contact. Also, the transient response of the 
joint conductance and the interface pr~ssure was noted· 
for various heat fluxes • 
The contact surfaces of the steel cylinders were 
lathe finished.· and had a surf aqe roughness of approx-
.I 
imately 1'20 micro-inches, rms. The hardness of both 
cylinders was measured and found to be 64 on the Rock-
well E scale. The prop~erties of the steel used were the 
published values for low carbon steel, namely, 26 BTU/-
hr-ft-0F for the thermal conductivity, 6.4 x 10-6 in/-
in-0F ~or the coefficient of thermal expansion, and .26 
for Poisson's ratio. 
/ 
The interface pressure varied between 3 _and 65811 
ps.1. Mean interface temperature varied between 164 and 
276 °F. Heat flows of 1-970 BTU/hr to 4130 ·BTU/hr, as 
. they affected interface pressure, produced temperature 
drops across the interface of from less than 2 °F to 
as much as 60 °Fo Joint conductances between 100 and 
-
2050 BTU/hr-ft2- °F were recorded. Plots were made of 
conductance versus pressur,e and also conductance and 
~ I .. ', i', 
',. 
,. 
·, f- • 
1 ~· • •• 
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pl'essure versus time as obtained in the transient cases. 
These were compared to some. ~published data of joint 
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I. INTRODU.CTION · · J. ' ' 
Theoretically, any time two similar ·or dissimilar 
materials ·form.·,a joint, heat flo-v1 across the joint :rrom 
.... one material to the other- is in no way irnpeded by the 
·_joint; and the surfaces forming the joint are at the 
" 
' 
same temperature. In reality this is not the case. 
The joint do·es impede peat flow and there is· ~r tempera-
ture drop across the joint. In order to handle heat 
-\ transfer problems involving joints, a method is used 
·which is similar to that used in ·boundary layer problems. 
That is, lheat flow across the joint is set equal to the -
temperature drop across the joint multiplied by the 
-· joint area multiplied by a quantity known as the joint 
cond~ctarice, the inverse of which is known as the ther-
mal resistance. The joint conductance is a measure of 
the restriction placed on the heat flow by the joint. 
It is dependent upon· such joint properties as pressure, 
roughness, temperature, orientation of the slll?faces 
forming the joint, and r1·atness of the surfaces. 
The problem of predi_cting joint conductance is a 
relatively new one. However, there has been a fair 
amount of investigation done in this· area [1] 1 • Gen-
erally, the method of approach· is an experimental one. 
1. Numbers in brackets designat-e references ·at the 
,. . ,, 
. ' ., end of this thesis. . .._ . ' ,, ,, ,. 
. ' 
•.' . . . : \ ... ,, . 1, ... -~· :_,. . 
" ',, 
' ,~,'f'' 
' ' . . \_' 
. " 
• I' '/ c°, 
• I : ,..., ... I • 
'-.,, -· 
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. · This is evidenced by the early works of W. B •. Kouwenhoven · 
I . 
. and J. H. Potter [2] , who explored the effects of pres-
sure, tempeT ature, and surface ro11ghness on the thermal 
resistance of a steel-to-steel joint and found that the 
temperature level has a very small effect on t~ermal 
. . 
resistance. Another early work was that of A. w. Br~ot 
and Florence F. Buckland [3] , who obtained the the1~mal 
resistance of laminated and machined steel joints as a 
, functi·on of pressure. The investigation of N. D. Weills 
and E. A. Ryder [4] studied the thermal conductance be-
tween two metal surfaces as a function of temperature, 
pressure, and surface finish, a notable discovery being 
that different assemblies of the same joint produced 
different joint conductances at a particular pressure. 
Some re~ent experimental investiga~ions are those of 
E. Fried [5], "ttrho looked at joint conductance in a vacu-
um as a function of pressure, and Martin E. Barzelay, 
K~n Nee Tong, and George Hollovray [6] , who obtained 
t_j oint conductances between aluminum alloy and stainless 
steel blocks. 
ti 
There have also been analytical approaches to the ~ 
problem o.f joint conduct~nce. Merril L. Minges [7] re-
. ' 
views the analytical approaches as well as the experi-
mental approaches. Another similar endeavor is that 
of T. Nejat Veziroglu [8], who correlates experimen~al 
I• 
" ' " . 
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;., '. :i,,, 
!'" . 
. ' ' 
\• 
' , .. 
' ' 




. l ' 
•,. 
. ' . ' 
. . 
• •,l, 1· 
. ,.. . . 
' I .J ', I 
~ .: ' 
,' . 
,, { a ' 
. -· 
.J, .• 
I .i • \ if' j ,.. 1 
'I -'.:'• ,_ .... :\·•~'' • 

























'1" ) •• , ,• 
- . (: 
. 
'> 




. . ' . ,, 
' '";: 
' " 
.. r' -~• c" ··~, -... ·< 




. , . 
· results of the· aforementioned authors and more. 
/" 
In·this investigation the experimental approach 
~ is·· used to determine ·the joint conduct~ce. Nothing 
is unique about 'the material used or the results desired. 
,r .. -"-· 
,_,._ ... / 
. What is unique is the interface geometry investigat.~d. 
The experimenter.s mentioned· J'reviously were only con-
. 
cerned vr.l th determining the joint conductance between 
two plane surfaces, chiefly as a function of interface 
pressure. In this paper the joint conductance between 
. 
' 
two cylindrical surfaces as a function of interface 
pressure is studied. The transient behavior of the 
joint conductance due to the coupling of interface p·res-
sure and relative cylinder expansion is also considered. _, 
" The surface geometry chosent;for investigation is 
- ' 
typical of the type which is found in many industrial 
applications, such as heat exchanger and nuclear reactor 
design. Specifically,.heat exchanger builders have 
historically· been bothered with leakage around the r.olled 
joints between the exchanger tubes and end plates. 
more fully explain the factors whi~h cause the~e leaks 
C 
r~quires a knowledge of the operating thermal stresses 
at the connections. This in _~urn requires a knov-rledge 
· ot: · the temperature distributions 1ivhich are partially 
dependent upon the joint conductance. During start up 
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II. ANALYTICAL CONSIDERATIONS 
'i 
. . . 
·The theory i.nvolyed in determining the conductance . 
. _ti ;, 
, 
across a joint is straight for,t1ard, n~eds little expla.n- ... · 
ation, and may be briefly summarized as follo,~s: _ 
The heat flow across the joint is given by2: 
4 = kAj(dT/dr) j · (2-1) 
where k .is the. thermal c.onductivity Ca. known value), Aj 
is the joint area, and (dT/dr)j is the temperature gra-




' (2 .. 2) 
, . 
. ·, ' 
< • 
. . / 
where (6T). is the temperature .drop across the joint J 
and h is the joint conductance. Equating these two · 
e~ressions, we have 
kAj (dT/dr). = hAj C6T) 
. J j ·(2-3)· 
t -:Y 
' ·, 
And solving for h, 
; . '· 
T~erefore, by knowing the heat flow through the joint, .. 
.. ,. 
i.e. - by knowing (dT/dr) j, and by knowing the temper-
2. The variables occurri11g in the equations found 1·n 
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ature drop across the joint, the joint conductance 'can 
be calculated. 
· To esta ..blish the interface pressure, the techniqp.e· · 
of superposition of radial deformations is used. It· 
is necessary to know the deformation of the inside· ra- , 
dius of the.outer- cylinder and the outside radius of 
th~ inner cylinder. The standard thick walled cylindtr . _ 
analysis is employed as found in the text by Joseph H. 
Fa.upel [9] • 
The deformation, of the inside radiu~, b0 , of th.e 




,:- .... . 
where the (-) sign indicates a contraction. A similar 
(? 
expression for the outside radius, bi, due to a pres-
f 
sure, P1; on the inside surface of the inner·. cylinder _is_. 
., .. ' 
.. . 
,;. / 
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wh~i-··e the (+·) sign indicates an expansion. 
The deformation of the inside radius of the outer 
,• 
·, 
, ., · cylinder caused by th·e· interface pressure, ·pr, is 
. b 
• 
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-- And. similarly for the inner cylinder, the expression is 
- (2-8) 
The assumed temperature distribution, T, also 
produces deformations. These are, · for the inside radius 
of the outer cylinder 
e 
Trdr 









Ir there is a compressive load, L, applied to the 
inner cylinder, the change in the outside radius is 
· (2-11) 
o .. t ~ • .: 
' - '·\" 
Since the radii must match at the interface, the 
• ,I • • 
·•. ' f' • 
,;..,i.!. ·'· 
•,·. 








resulti~g equation is 
:· r ,, ·, ., ,' -Jc .'. 
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This equation can be solved for Pr• Hence, for a given 
'· 
'--
~ temperature profile, the corresponding interface pres~ 
sure can be calculated. 
An alternative method i~ that. of directly measur- · 
ing the hoop or circumferential stress, sH, on the in-
side cylindrical ~urface of the inner cylinder. This 
stress could the·n be related to th-e interface pressure 
by ·the equation 
Eio(. 1 2a2 b1 . -• i 
. 1 Tr dr ..:... Ta2. G"ii - 2 b?-a2 1-i]i a 1 
a 
Th.ererore, knowing the hoop stress and knowing the tem-
perat~re profile in the inner cylinder allows the cor-. 
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III. DESIGN OF. THE EXPERIMEN.r 
I . 
-· , r· .. 
\ .. '·.', 
. ,. ". ',_, 
I •• , 
.. ' 
. .; ' • c', ,";'..' . .', 
~ I'? . ' .. '' r - ·• .-,' • .' 
1 " - ' ' 
)-.1 Preliminary Considerations . :.· - ,, 
' ) 
To dev~lop a sufficien-t temperature gradient with-
-out high heat ~nput in the experimental apparatus, it 
. was decided to use two concentric -cylinders made of low 
carbon steel, a ~ommon material having a moderate ther-
mal.. conductivity. 
In order to determine the joint conductance, a 
heat flux across the interface was necessary. This was 
provided by a Chromalox, 1500 watt heater band which 
was clamped around the outer cylinder. Cooling was also 
needed and this was done by water cooling the inside 
cylinder. 
, The cylinders also had to be thick (4 inches was 
decided upon) so· that the interface pressure would be 
relatively constant and the end effects could be neglect-
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;,,'; '· . 3.2 Thermocouple Technique 
' ' ' 
_,. 
As explained tn the introduction, the joint or · 
interface conducta.nce can be determined if the tempera-
ture gradierlt at the inter~ace is known, and if the 
\ 
........ j : 
temperatul'.'e drop acros~· the interface is known. · To de-
termine these two quantities, :rour thermocouples were · 
' 
used· on each side of the joint. The ntunber four was 
. 
_·.decided upon because it allowed a reasonably sized ap-
paratus to be used while still providing enough data 
point·s to est·ablish a reliable temperature profile. 
The thermocouple spacing used appears in figure 2. 
Thermocouples 4 and~ were located as close together 
. 
ars possible to eliminate error in the c·alculation of 
temperature drop across the joint. Note that the ther-
mocouples do not lie on the ·same radius. This was dcne 
to prevent one thermocouple from disrupting the tempera-
ture profile near another. 
The thermocouples selected for use were Conax 
thermocouples made of' copper and const·antan wires pas-
. 
'sing through a magnesium oxide insulation contained in 
a 3 inch long stainless steel sheath. The wires were 
welded to the sheath tip :for good th~rmal response and 
,~ 
';:· - . the sheath was .04o' inches in diameter to assure exac·t 
. ' 
· · thermocouple location. The accuracy of the thermocouples 
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The installation of th·e thermocouples was accom-
plished by drilling .062 inch holes, 2 inches in depth, 
in the cylinder sides. These holes were then enlarged 
· to a depth. of 1 /2 inch and threaded to r·ecei ve a Conroe 




place against the bottom of the drilled hole, ~ssu~ing 
good tip contact. Other techniques have been used to 
assure tip contact such as dental cement and copper 
filings, but it was felt that this method provided bet-
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~Interface Pressure ~ ' • .. ,;· ... I ' ; ' .. •,: • ,. ' c;,1 '·,_·. • '· 
·.,, 
. In order to study joint conductance as a function 
·' 
l of interface pressure, it is necessary to be able to 
vary the interface pressure. In this investigation 
... two techniques were employed. 
The first· of the techniques involved v~ying the 
he.at input to t.he appar_atus. Any heat inpt1t at all 
• 
impose-s a radial temperature gradient i-n the cylinder. 
This m~ans that as the cylinders expand, they will not 
-expand uniformly. Since-the outside cylinder in this 
-""> 
investigation is being heated, it will expand more than 
.. 
the inside cylinder vrhich is being cooled. -'.l:Thus, _pro-
. ' 
~ 
viding a pressure gradient existed before heating,· there 
will be a decrease in the·interface pressure. 
Obviously, the above condition mandates that the 
two cylinders be shrink fitted together in order to pro-
vide an initial pressure and maintain contact. The 
initial pressure also had to be_ low enough to permit , 
· ·the heater output _{limited to 1'500 watts-) to expand the 
· cylinder differentially and operate in the interface 
p~essure region (:O - 4ooo psi) which wo11ld probably 
influence joi~t conductance the most. The procedur.e to 
determine the interference of the cylinder diameters 
.. is as follows: 
'·' 
Fir_st, it was decided that· at maximum heater in-
. ' 
~ ·-1~ •• 
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put, the interface pressure should be zero. So, know-
ing the heat input and assun1ing a temperature at the 
inside surface of the in:ner cylinder, it,,.ras possible 




·• T = ln Cr/a).· (3.3 .. 1··) . . 
ln (c/a) i" 
Next, the· general equation (2 .. ~2), which relates 
interface pressure and temperature profiles, was sim-. 
plified. Both cylinders were of the same material. · ~ 
Therefore, 
. 
Vo = vi .•. o<o = o<1 
·. Because an interface pressure of zero. is desired for 
the assumed temperatur~ distribution, both terms in-
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p~b~· b' . + -· . o- c2 b2 c2 b2 Trdr · (3.3~3) E 
- 0 - 0 b 
0 
· All the quantities are know.n in this exp~ession except,-_ ; · .
. ' ~. 
·bi and b0• The qua_r1tity b0 was s/et equal to 3. 25 inches, · .. ·. 
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I : ' 
... 1.6 ' . ' ,. ,. 
.. · '. i.n-.a b0 of 3.2516 inches and a diarnetmnal in
terference 
or~- .0032 inch. 
The second method of· varying the inter~ace pres-
. ' 
sure was to make use of the Poisson:f s effect in materi-· 
i 
·als. That is, by compressing the inner cylin~er in the 
axial direction, the cylinder would grow in the radial 
direction, thereby increasing the interface pressure • 
. · Using a 60,000 pound testing machine, a 300: psi pres-
sure i~crease could be realized. 
To actually determine the interface pressure, two 
approa'Ches were used. One was to use equation (2-12). 
Knowing the temperature profiles in both cylinders from 
thermocouple measurments, the corresponding interface 
pressure could be calculated. An alternative to this 
':V 
procedure involved the installation of strain gages on 
the inside cylindrical surface of the inner cylinder. 
One gage was installed ·-in an axial direction and another . 
in a circ11mferential direction. To correct for any ~ 
temperature effects at this surface, either the gage 
iri the axial direction wa'.s used as a dummy gage or a, 
precition resistor was emploY'ed, the difference in these 
two techniques being n~gligible. To relate hoop or 
circumferential stress obtained in this way to'the inter-
.. , 
face pressure, the appropriate equation is.(2~13). 
'. \ · .. 
. V, 
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3.~ Other Considerations 
.. . :,,_., '• ' 
,, • I 
. : . ,~ ,. '. .•· ';, ' ' \ . . . 
I \ 
, :-. ,I 
In arriving at· the apparatus dimensions·, all of 
the items previously discu.ssed had to be considered s~-
multaneously. The necessary access space for installa-
tion of strain gages on the inner cylinder fixed the l 
inside radius of the inner cylinder. Also, the ther-
. mocouple spacing, added to the fixed inside radius of 
the inner cylinder, dictated the nominal interface 
radius as well as the outside radius of the outer cy-
linder. (See figure 4 for dimensions.) 
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.... ·· .. , .. ·tcf increase the interface pressure, two compression ~. 
. ,, 
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•, fixtures were designed as _shown in figure 5,. These 
fixtures transmitted load ,through Pyroceram spacers -
which, ·having a 10,-1 thermal c ond uc ti vi ty as well · as a 
high compressive strength, were used to prevent axial 
heat flow from the inner cylinder. The fixtures also 
served as inlet and outlet headers for th.e cooling wa-i~ 
ter, utilizing 0-ring seals bet,11Teen ·the fixtures and 
' the inner cylinder. Provision was made for thermometer 
installation to check cooling water temperatures. 
Assembly of the two concentric cylinders was ac-
complished by heating the outside cylinder to 200 °F · 
and cooling the inside cylinder to -1 .. 00 °F. This per-, 
~ 
' ·' mitted the two cylinders to_.$lip easily.together • . It·· 
' . 
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should also be mentioned that before.assembly, the sur-
faces forming the interface were cleaned 'tvith a 1vi1~e · .~ 
\ 
brush, fine emery·· paper, and ,-carbo.n tetrachloride to 
remove oxide and any oil or grease which mighif · be pre-
sent. The surface rou·ghness of the contact surfaces . 
was checked and found to be 120 micro incf?-es, rms. 
The hardness was also measured and found to be 64 on, 
,. 
the Rockwell E scale. 
After assembly the joint was sealed wl th silicone 
·:rubber to prevent entrance of foreign matter and/or 
rusting. The compression·' fixtures were attached next 
and the apparatus P,laced in a Bald,vin 60,000 p·ound -·te.st~ 
' ' 
ing machine. Polyurethane foam was used to insulate the 
· outer cylinder to prevent axial heat flow. Fiberglas~ 
building inslllation was used around the heater to mini-
mize heat losses to the atmosphere. .The ai.r gap between 
t_Q.-~ inner cylinder and the compression fixtures plu.s the ·· 
Pyroceram spacers minimized axial heat flow there. 
' 
· Incoming cooling 'tvater v1as passed through a pressure 




complete assembly is show~ in fi.gure 6. A list of equip--.· · 
ment used for measurement purposes can be found in _ap-
·". , 
'\ I <-




• I •~. C: 
. ,•:·> '. 
,, . 
I , .- .I. 
,,, . ,:, ' :/ . l '. • ·!: 
,·, . 
_ .. ,·· ,. 
· · :,f •. ;r - · · 
.. 
. ; •· ':-·· ,' 
; ,, 
" " 
~ , ', 
.• ·. ~ .. :.';'. :, 
• ·I:! •• 
• ~ , •.• ,' ' 
,l • 
. ' • ~ ·' ·• •·r• ' ~ {, . ··~- ,' . ' ff//1/1!,,.' 
h r ·c ' • 
-,~ _' y:. \.:. < -~·::-,·. . 
""( . . .-. . '~ 
' . 
,I q,. '~ ' ' .'., ' ,• " ' 
,·.:·.,', :,,· : ,; ... •• 1 ' ' ,, • 
- ; ·1 .. , 
,.. '· ~.: ' 
. . ",. 
,} 
·. ,' '.·· . ··~· . 
,, ,·, 
,· -~r • ' 
• ' • \• ' • I 
' 1.'~' r, •, ' ; •• lj •: ;1. ; ' . .' ,·· :"· '; •' 
,:·, 
•')· { 
; '\ •, ··, ·'.' ·.' /,,: 
"• •.' ,'''• ''.-:, > /. I • 
l 
' . ' 
1·,,' .. 
.. ·, '· . .. >; j 

















' ! '!. 
' I:·' ! ',\' 
. :~: -~·.. \7 
'-". . 
~ ~ (. 
. 
.., 
~ ,.. ,{' ,. 
'·· . 
?.~ ... . 
' 
', ', ... ,'-_:- ;.' 
I· 
















Twelve tests were run utilizing different heat 
inputs ,~hich ranged from 1970 to 4130 BTU/hr. Thermo-
couple readings were taken every 20 minutes until the 
apparatus reac~ed steady state. Strainsrin the circum-. 
ferential direction were also noted at these .. intervals. 
Two tests were conducted utilizing two fixed heat inputs 
·'' 
·with axial loadings of 20,000, 4o,ooo, and 55,000 pounds. 
The condensed data from these tests appears in· appendix 
c. 
Next, a computer program employing the method of 
least s.quares was used to fit a curve to each of data·. 
A second order fit was used. The coordinates axes were 
placed on the interface so that the temperatures in each 
" 
cylinder appeared as a function of the form 
., 
T = A + Bx ± c:x2-: -· 
where, x is the distance from the interface and A, B, 
and Care the curve fit coefficients. The temperature 
< 
. 
. on eac.h coritact ·surface was obtained by substituting 
O for_ x. The temperature drop across the joint was ob~ 
tained by subtracting one surface temperature fr:om the. 
other. To determine the temperature gradient at the 
joi·nt, the equation for T was differentiated vrl.th respect 
to x and then O substituted f ~ x.; Subsequently, the 
,_' ,('. /·'· _J 
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joint conductance could be determined with equation 
Then entering equation,(2-12) with the computer 
curve fit· equations, translated fIDom x to r coordinates, 
the interface pressure was determined. This ,vas checlred 
,, by using equation {2-13). In all these tests the mass 
flow rate of the cooling water was maintained between 
. . 
600 and 636 lbm/hr, which fixed the water pressure on · 
the inner cylinder at approximately 16 psi. The mean 
water temperature was, about 66 °F. ,. 
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Using the procedure descrived in ttie last chapter, 
the data appearing in Appendix C ,,,as reduced and appears 
in Tables 1 thru 14. The two .quantities, (d':r/dr) j and 
(6T) j, which were gotten directly from the curve fit. ... 
program appear in these .tables along with the joint 
conductance, h, and the interface pressure, Pr, as.a. 
function of time for a giv.en heat input. An exception 
to this are Tables 12 and 14 where (dT/dr) j, (6T) j, the . 
conductance, and the ·1nterface pressure are a, function 
of compressive load on th·~ inner cylinder, which v1as 
~- O in the other cases. In all the tables, the symbol 
(ss) denotes steady state values and an asterisk(*). 
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Figures 1 thru 6 need no explanation since these 
eoncern apparatus design and have been refered to pre-
· viously. 
Figure 7 is a plot of joint conductance, h, versus 




The dotted lines on eith~r side or·the joint conductance 
curve represent the limits of experimental error. 
A plot simila.i~ to Figure 7 is that of Figu.re 8, 
which shows joint conductance as a function of inter-
face pressure obtained by, plotting all data points. . 
-~ 
Again the dotted li~es are the limits of experimental 
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error which appear·in Figure 7. 
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Figures 9 thru 20 are the transient responses of 
.,. joint conductance and interfq.ce pre·ssure :for a given heat· 
i 
input. Joint conductance also appears as a function 
.of interface pressure. •' ~ 
Figu~e 21~ is a plot of joint conduc.tance versus 
interface pressure which was varied by an axial compres~ 
s:tve load on tl1e inner cylinder, keeping heat input con-
stant. All points represent steady state data:. Also, 
i the appropriate portion of the curve in ·Figure 7 along: 
with the limits of error appears in Figure 21. for com-
parison purposes.· 
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time (dT/dr)j (~T) . 
J 
(hrs:min) (°F/in) (OF) 
0 
.-




. ' . 5 .01: 1 ~48 
' 
'-,, 




1·i:.20 · ···-6. 27 1.66 
' 
·1 :4o 6.24 1 .72 
· .. 
2:00 8.14 ·- ·--1 • 61 
,, 




' ' . 
• ·Jr-·· . 2:20 8 .oo ~- 2 .--1·,, 
. 
2:40 7.70- 2.20 ( 
3:00 8.17 1.87 
3:20 / 8.37 1 .92 
heat input: 1970 BTU/hr 
... , 
,• ( •,, \ -~ . " 
. ~. ' 
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Calculated Dat'a· for Run Number 2~ 
time (dT/dr) j (6T). h Pr J .. 
(hrs:tnin) (°F/in) (OF) . (BTV/1,1.r-f t 2- °F) (psi) 
... 
' ' ' 
... ·.,.r- ._. ·.~.- 0 
' 
' 




:4o '::.·.~·· .· .... ~ . 
. ··· .. -
.. ': 
?.24 2.61 866 ,a2·, 
1··:00 10.70 2.59 1.288 . 5521' 
-
•,' 
' 10.14 2.59 ·;4aa 1 :20 1223 
1··:·4o 10.48 2.63 1··1242 5328 J, .. .,.. -..·! "'!'' ,.,. 
2:00 13.92 2.09 2080* - ,120 
. 2:20 13 • 51· 3.14 1345' ,033 
2:4o 13.93 2,93 11+85' ,026 
J ·.,. 
.... 
3:00 14. 01: 3,'i08 1420 ;026 
.. 
3:20 14.29 3.07 1·450 (ss) 4961' 
i' • L heat-input: 2550 BTU/hr 
, 
:- ·:' 1' , r 
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. '. TABLE 3 
9alculated Data~ for Run Number 3 
. . -
,- .,;_. 
•. -,; ·-. .:.~. ' ... 




.• :: .. 
. . .:l,'. 
: 1 ... ·• : . .• ' 
~ .. / ..... __ ...._ -. ..•. '~'.• -,--:- ,'l' ...-, . . \ f...._ -. 
. "i . 
time (dT/dr)j (6T). J' . 





:20 5.18 2.74 
'. 
' -~ 
:40 8.7, 2.42 
.1 ·: 00 1-·0.32 2.48 
1:20 111.09 . 3.45 
' 
. .• .. 
1·:40 11.68 4.03 
2:00 13.96 ' ,4.19 
2:20 14.25' 4.94 
. ' 
2:4o 11+.25 5.00 
., - _, 
3:00 14.59 ,.70 
' 3:20 1-·;5.16 ;.83 
3:40 1'4.30 5.4, 
heat input: 2870 BTU/hr 
, 
. __ . 
r. ,. • .. ' 
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1-11 0 5687 
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1 Q9; 5325' 
·1··003 ,1·03 
905 4905 · 
1·040 4635 
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Calculated Data for Run Number 
... 
time (dT/dr). (6T) j h Pf J 
(hrs:min) 
... 







.. . . . 




. -,, 9.5, 2.49 ·1:-19, 5381 
l . . 
3.53 . 105'0 4973 ·1 :00 ··11· .89 . , 
. 
1. ':.20 1··2.82 4.47 892 
. 
4842 
1~:4o 12. a1~ ;.77 . 693 1+623 . 
2:00 .. 14.37 6~~62 678 4386 
2:20 15.06 7.03 668 4318 
v 




3:00 14.70 7.611 . 603 421~6 
3:20 14.82 7.98 578 ·~274 
--·· 
3:lf-0 . 15.60 7.47 650 (ss) 4268 
-
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~· TABLE 5 ' . ' 
Cal cul at ed Data for Run Number 5 
' -. '·"' 
,-
- -
time (dT/dr)j (~T)j h Pr 
,-
(hrs:min) (°F/in) (OF) (BTU/hr-ft2 .. °F) (psi) 
- ' 
.. 0 
:-22 6.27 1-,.94 1·008 6000 
. . 
: :4o . 9.58 2.47 1210- ·'5477 
. 
.. 
1~·00 ' J. . . 11-·. ,o 3.55 .101·2 4908 
'l ... 








2:20 114.81: 5.78 796 >1>1>10 
. 
l....... • .. 
2:40 1··;5 .92 6.64 ?48 4351· 
: 
;-,( i. 
~\. ' . 
... 
3:00 15.36 6.83 .703 4330 • .. . l - j ~-
I 
..• ,· - .. ,"'..; ' ... J.. 
~-'}.- · ... ' . 
·,,,.,( ' 
3:20 1 1·'.5'. 0 5' 7.44 
3:4o .1·4.68 .7.16 
·. lieat input: 3100 BTU/hr 
·.'.' 
•· i • "t. J, . 
'~. ' .. 
'." ... ~ 
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TABLE 6 
Calculated Data for Run Number 6 · 
-
" 
time (dT/dr)j (~T) j 
' 
-(hrs:min) (°F/in) (OF) 
0 
:20 4.18 2.46 
a 
:4o 1:0 .• 36 2.91 
. 
1··: 00 12.28 3.,1 
1 :2·0 1·;3. 95' 1~.a2 
1 :4o 12.89. 5.75 
-
2:00 1,. 26 6. 56 
2:20. 1,.54· 6.98 
-. 
2:4o ~5.45 7.13 
3:00 1,.48 7.09 
3:21 ·1-J;'.86 7.39 
3:4o 
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Calculated Data for Run Number 7 .. 
a 
' ·' . 
._ 
time (dT/dr)j (6T)j - ·h . Pf. 
,) 
(hrs:min) (°F/in) '(OF) -( BTUfhr-£t2-°F) (psi) 
0 
. " 
:21 5.19 2.81:·· 
:4o , 11··.28 - 2.88 
' . 
. 
1·:0.0 13.65 3~68 
1': 20 12.38 4.86 
. 
1 ::40 12.48 5'.63 
,, 
2:00 15. 31 ·': 7.66 
2:20 14.87 a.oz 
2:4o 15.43 9 .1·3· 
. .. 
3:02- 15.70 10.16 
3:22 1,.78 1:0 .o, 
3:4o 15.82 10.6? 
. 
4:00 16.16 11 ·.68 
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· Calculated Data. for Run Number 8~ 
! . •. 
·. 




(hrs:min) C°F/in) (OF) 
\ 
0 " 
:20 ,.42 2.,7 
' .. 
:.4o 9.83 2.69 
d~ 
1::00 : 13.35 3.73 
' 
1 :20 12.55 5.50 
" 1':4o 
'-'3t 1··2. 79 7.01. 
2:00 1,.33 8.911 
' 
2:20 115 .43 a.a; 
2:4o 1,.14 9.85 
3:00 115 .87 . 10.47 
3:20 15.74 12.90 
3:4o 14.38 13.00 
4:00 1:5. 75 114.24 
4:20 ti5.08 13.76 
. 
heat input: 3370 BTU/hr 
i 
'. . . . ' : . '~ 
~ .. ·. 
. - . . ' . 
,-1 . . 
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''. Calculated Data for Run Number 9 
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Calculated Data· for Run Number 12 
. 
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Calculated Data for Run Number 13 
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Calculated Data for Rtm Number 14 
(dT/dr) j (6T). J h 
(°F/in) (OF) (BTU/hr ... ft2-°F) 
19.18 59.89_ 1.00 (ss) 
23.65 60.03 123 -Css) 
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t. A A 
. .... 
,I 
0-ring ·., ' 
groove 
i.d. - 2.00 
.·• 
~ 












6.50 in ,, --~ 
·- ,~·· 
~- :'.1 1·. 75 113 
in ··.:tn 
i 













- ·- - --··-- • ,::z:; 
-
-- - - . 




~· ; .... 
, .. 
FIGURE 5 
Compression and Cooling Fixture Design 
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.Assembly of Test Specimen and Test Apparatus 
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Transient Response of Conductance and Pressure 
and Conductance versus Pressure - Run N1;mber 3 
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Transient Resnonse of Conductance and Pressure 
and Conductance .versus Pressure - Run Number 4 
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Transient Response of Conductance and Pressure 
and Conductance versus Pressu~e ~ Run Number 5 
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Tl'ansient Response of Co11d.uctance and Pressure 
and Conductance versus Pressure - Ru~ Number. 6 
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FIGURE 1-5 
Transient Response of Conductance and Pressure 
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FIGURE 16 
Transient Response of Condttctance and Pressure 
and Conductance versus Pressure~ Run Number 8 
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1ransient Response of Condu~ctance and Pressure 
and Conductance versus Pressure - Run Number 9 
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·Tra11~ient Response of Conductance and Pressure 
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FIGURE 19 
Transient Response of Conductance and Pressure 
and Conductance versus Pressure - Run Number 1·1 
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FIGURE 20 
..... Transient Response of Conductance and Pressure 
and Conductance versus P·ressure ca Run I\J1.1mber 13 
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Conductance versus Pressure I.\ 
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VIII. DISCUSSION OF EXPERIMENTAL DESIGN AND OPERATION 
Some of the areas touched on previously need to· 
be discussed more fully and, ;:in some ·cases, modified • 
These are the areas of thermocouple location, diametr1~ 





· _The thermocouple locations. which were to be used 
. i.'; . 
. -
' 
originally placed the number 4 and 5 thermocouples .20 ~ 
. :' \ inch from the. interface with a .50 inch spacing between 
\ 
t '' I,,. :..-
. . ·~·· 
thermocouples. However, due to flexing of the twist 
. ,drills used in drilling the thermocouple holes; the 
~les obtained were not vertical. Accounting for this 
"'.. • I 
. . . 
' . . .  ' 
··i:t 
,,· 
I ' ·". 
. ' 
I ,.. ' ·~-, 
. ! ·: .: •• ' 
', ·-: <.\' 
' ~ \ :' . . . ' . 
. . .. ' . ·, 
',• ' -
l • -·- ~ 
.. ,~ ... 
deviation from vertical resulted in the f'ina·l thermo-· 
couple locations listed in Figure 2 except for thermo-· 
coupl~s 4 and 5. Thermocouples 4 and 5 were reloca ..ted 1 '•., , •l -
. ,' 
' ' .. , 
.· - . 
. ' 
-. - ,, 
. closer· to each other and the joint because o:r initial 
difficulties experienced in determining joint conduc-
tances. 
. - ~--- .- ' --·:'i. 
A ·critical ·part of the experi~ent was the deter- / 
· mination of the diametrical interference, which fixed .. the · 
.. initial inter:ra ..ee pressure and greatly influenced all 
operating pressureso The theoretical procedure used. to 
determine this·- interfere11ce has been discussed in Ch.apter 
3. Hovrever 9 1vhen ~che in~cerface pressu.re was ca .. lculated , 
' 
froin equation (2-1·2) utilizing ~teady state temperature v~' . 
·-· .J 
~... ,, ,, 
'I 
' ' 
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profiles from run number 13 (the run with the highest 
heat input), the theoretically_ determined interrerence 
of .0032 inches resulted in a negative interface pres-
sure. Obviously, the interference was more than the 
supposed .0032 inches. This was quite possible since 
·there was difficulty in holding the nec.essary dimensinns· 
in the machining process. 
To get the actual interference, equation (2-12) 
was used with the steady state temperature profiles 
from rum number 13 -and an interface pressure of 6 psi. 
This equation ,1a.s- solved for the outside radius of the 
\ 
ihner cylinder, which effectively ga~ve an interf'erenc·e 
or .00491'· inches and an initial interfa-0e· pressure of 
7830 psi. It should be noted that the 6 psi interface 
pressure was obtained from a consideration of t.he fric- · 
tion force between the tv10 cylinders. That is, at the 
heat input of run number 13, the two cylinde~s had just 
started to slip apart. Knowing the coefficient of 
friction, the weight of the outside cylinder, and the 
.. 
interface area, it was possible to calculate the normal 
~ force and hence, the interface pressure of 6 psi. 
- A check on the interference i.v-as made by uti·lizing 
. . 
· the hoop strain· gage. A reading was taken at room tem-
·perature and then the outside cylinder was cut off. A 
final reading was taken_ and the difference in readings 
'• ,'' .:.••,:• ,., ... '..',._.,.---·~·.,:,.,•.'·•, •" ," •r,• · ••',"."t'-·--•- • :,,--s••••••••,.•,·•·•>,-•••••~-----.... - • ._,,_,.,_ .... : _ _,,,L. • 
lJ 
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. ' ' 
computed. The result was 540 micro-inches/inch strain. 
This compared :ravora~bly and within th_e strain gage limits 
of error, it was felt, to the 553 micro-inches/inch 
,/1 
,,.,. 
. ~ s-train vrhich corresponded to the. interference of e00491· • 
v 
Two -methods o:f calculating i11terfctce presst1re 1i·rere 
presented... One utilized temperature profiles on each 
side of the joint (equation(2-12», and the other used the 
temperature profile in the inside cylinder plus a known 
I 
hoop stress ( equation (2-13)). The pressures whicl1 ap-
pear in the results have been calculated by the· forme:t, 
method. This method was used because it was found to 
be insensitive to temperature changes at one particular 
location. That is, it depended upon two temperature 
profiles determined by eight individual mea:surem~nts; 
and any error in one thermocouple reading wou.ld not 
greatly .af.fect the temperature profile,. 
' ' 
The .second metho~ on~the other hand, substituted· 
··a, ',hoop stress for a temperature profile. Since this 
' ht?OP stress was determined by a single strain gage,. any 
error would directly affect the interface pressure. 
. Furthermore, because of the nature of the small strains 
·_ and corresponding stressesj it was felt the percentage 
error in recorded ,strains was on the ord~er of 20 per-





cent, whereas error in tempera-tu41r·es was 'less than 1 per-··· 
cent. Since interface pressure would reflect these 
' 
.. , 











' . ' 
~ "'- i ' . . . . 
' . 
. t • p 
• 
'. 
· errors, the first method {equation (2-12)) was relied 
upon. 




.... - ·:--, ;. tbe curve fitting of ten1perature data. First, second, 
and third. order fits were tried;· and, as- sta.,ted previ-
ously, a second order fit was finally used. The reason 
t -.--
· ' ~ for selecting a second order fit was chiefly that the 
tempe!ature gradients at .the joint reflected the heat 
. - - :-:, ' ' 
' input. That is , the heat ri;;'Wing thru the joint, as 
calculated from the temperature gradients, was less than 
the known heat input and compared favorably (within 11-
.. 
mits of error) with a heat balance on the cooling water. 
~ ··-
The temperature gradients of the first orde,r fits were 
, 
also similar to those of th'e second -order. - Surprisingly-, 
the third order fits resulted in temperature gradients 
which predicted more heat crossing the ·joint then was 
. 
being put in the test specimen by the heater. What was 
.. 
probably happening was that in order to fit the data 
~ . points exactly, the curve outside the data points was 
greatly distorted, resulting in very high temperature 
gradients·at the joint. Therefore, the second order fits · 
- were relied upon because they coul'd be extrapolated to 
·-
. · the joint ,nth out much distortion •. 
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. , ,, .. · , IX. DISCUSSION QF~RESULTS 
The results of the experiment, namely joint con-
ductances and pressures, are tabuJ.ated. in Tables 1 thru 
14 and have been used to establish t·he .. plots :round in 
' I ;"!7-'t·' '-r,.q •· • • 
Figures 7 thru 21. 
An in1porta.n t assumption used in arriving at the 
joint conductance versus pressure plots was that the 
joint conductance was independent of joint temperature-s 
r;,ver the temperature· range operated in. This assumption 
lf8.S necessary because of the prdincipal .method used to 
~ . vary pressure. As previously described in Chapter 3, 
~his method involved varying the heat input which chang-
·ed the temperature profile which in turn created a dif-
~ fer.ential expansion and changed ··the joint pressure. 
Obviously, because of the changi.ng temperature profiles, 
the mean joint temperature was not constant. For t·he 
.. --r.ange of heat inputs considered, it was found to vary 
between 164 and 276 °F. 
, The assumption made ab,ove was not without basis. 
. . . -.. 2 . ' . ,t 
.... " · · .,~WO previous investigations, one by W •. B. Kouwenhoven 
and J. H •. Potter [~ and one,by N. D. Weills and E. A. 
.'. Ryder [l~ had looked at joint conductance between t.wo· 
· rough steel surfaces as a function of' joint' temperatures. 
Both investiga.tio11s indicate that temperature has a very 
small effect on therma1·conduct.a.nee)- on the,order of 
\, 
·J· _.: ~r 
l._< :.1)~r . 
'. , I 
,, .. 
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.. 
10 BTU/hr-rt2-°F per 10~ °F. Since ·the variation of 
the mean joint temperature was only 112 °F, it was felt 
that the assumption of joint conduction being indepen-
... 
dent of temperature was justified. 
With the above assu~ption in e~fect, the main 
,objective of this investigation (the determination of 
·1 
pressure effects on joint conductance) cotlld be achieved. 
The variation of joint conductance with pressure appears 
in Figure 7. The two dotted lines on either side of the 
conductance plot represent the limits of experimental 
error. These limits were arrived at by considering the · 
errors pr.esent in the temperature gradient at the joint 
. 
and the temperature drop across the joint. By compar-
ing heat fluxes at various points, it vras felt thctt· the 
temperature gradient was accurate to 'Within !8 per:cent. 
The e;rror in temperature drop acroJ3s the j aint varied 
between 4. 5 percent and 100 percent~ Because the low 
;' . ' 
3. :A note of explanation is obviously necessary here. 
. , 
It has been stated previously that Conrur certifies 
the accuracy of their thermocouples _to ±102 °Fin 
the temperature range operated ino Since the tem-
perature dr~p across the joint is essentially de-
termined by the difference in temperatures between 
two thermocouples 9 numbers 4 and 59 the error in 
the temperature drop 1:1ould be ctppro:tcimately !.204 
°F ~ 11eglecting all extrapola·l:;ion el}ror o No1r1 if 
the ten1perat11re drop is 60 OF 9 t;l1e percenccage er-
ror is lt·o 5 perce11t; and if i ·t is less th,an 3 °F, 
the percentage error approaches 100 percent. .· 
. ' ' ' 
- "r· i, 
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'• joint conductance values were characterized by high 
temperature drops across the joint, the error in the 
joint conductance is about 12.5 percent at low pressures 
and the limits of erro~, .. i11 Figure 7 li·e cl·ose to the 
conductance curve. Higher conductance vaiues·were char-
acterized· by.smaller temperature drops and increasing 
error 1vhich results in the diverging limits of error 
shown in Figure 7. 
In Figure ? , are shown the steady state results 
of joint conductance versus interface pressure. The 
behavior is as expected - condt1ctance in.creasing ,nth 
,. increasing pressure. Furthermore, all the data points 
plotted lie within the limits of experimental error. 
The plot which appears in Figure 8 contai·ns all 
the data points recorded. Again the dotted lines re-
present the limits o~ experimental error. Interesting~ 
ly enough, practically all the plotted points fall with-
in tl1is band. It is felt that thi.s P.lot provide's an 
indication of the overall accuracy of the results as 
· well as 'a vindication of the experimental techniques 
employed and t_he ass1¥11ptions made. It is also felt 
that the experimental scatter found in the region of 
high joint pressures indica ..tes that the exp·e1~imental 
error in tn~s region is less than that predicted. 
Figures 9 thru 20 contain the transient,responses 
. ! 1· .. , .. . . 
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of interface pressure and joint conductance for a fixed 
heat input along with joint conductance plotted as a 
function of interface pressu.re. The trends exhibited 
in these plots are essentially similar, the exceptions 
being Figu~res 1 and 2. The joint conductance data ap-
pearing in these figures were obtained from low heat 
, inputs. Hence, the temperature drops across the joint 
were also low and the data sca~tter very great o For this 
reason no attempt was made to fit a curve to the con-
ductance versus pressure data in Figures 1 and 2. From 
Figure 3 on there is considerably less scatter and curves 
can be fitted. 
In all the figures the initial conductance ,value 
obtained after the first 20 minutes of operatic~, r ... afid 
in some cases after 4o minutes of operation, is not 
. 
plotted. This was because the temperatures in the cy-· 
linders during start up were changing too rapidly, ~::and 
an accurate temperatUPe pro~ile could not be established. -
This is also reflected by the increasing values of joi.nt 
conductance (in tables} instead of the -expected decreas~ 
ing trend. From.4o minutes on, the expected profile was 
-
obtained. ,._ -
An interesting observation which can· be made in _ 
' 
- --~--- -~hese figures is the smoothness or the transient pres-
- sure responses with very little scatter. - It. is felt 
' " 
4' .· . 
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that .this is an·,indication of the accuracy of the tech-
lU.que used to calculate.:': interface pressures. 
The remaining figure, Figure 21 ·, is a plot or joint 
eonductance versus inte1~face pressure. The data used 
in plotting this curve was obtained by the second method 
described i_n Chapter 3. That is, the inner cylinder 
was compressed to increase the interface pressure with 
' 
' the heat input and mean interface temperature remaining 
constant. TWO sets of data have been plotted. Only one 
set or data- establishes a trend, the other set of data 
being taken while the two cylinders had begun to slip 
apart and, therefore, is questionable. However, the 
'' 
. trend established by the single plot corresponds closely 
to the conductance plot of Figure 7, which is shown in 
Figure 21 for comparisoJ.?. purposes. 'All the points 
lie within the experimental limits of error. The ap-
parent compatabili ty between the two methods of chang-
ing interface pressure and joint conductance lends fur-
ther credance to the results. 
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X. - ·CONCLUSIONS AND RECOMMENDATIONS 
. ';. 
" . 
• •· .ft J FURTHER STUDY 
•.i. - ' 
The trends obtained were exactly as expected." 
·~ . ~' 
The joint conductcince and interface pressure decreased 
with time for a £ixed heat input. In all cases, joint 
'" 
conductance increased with an increase in the interface 
pr~ssure. These trends are similar to those recorded by 
other.experimenters using plane surface geometry. 
Because of the dependence of conductance on a 
variety of variables, no serious attempt wa·s made to 
correlate the resul_ts · to those of otl1er investigators. 
The closest one-dimensional investigation was that of 
A. W. Brunot and Florence F. Buckland 3 , who :iJ1\resti-
gated a mi_lled steel joint with a surface rou.ghness of 
125 micro-inches. Their vaJ.ues for joint conductance 
ranged· from 247 BTU/.hr-rt2-°F at approximately 5 psi 
to 550 _BTU/hr-rt2m, °F at 300 psi. The values of joint 
conductance 1t1hich 1fere obtained in this investigation 
. 
at similar pressui-es are 109 and 120 BTU/hr-ft2-6Fe 
· These values are considerably different, but then so 
· · ,. _. - · ·. ar·e many of the test variables. 
.. -~. - . ,., 
Any future work done with the geometry used in 
C 
this experiment should retain· the Poisson effect to va-· 
. 
ry the interface pressure. Although little data was · 
obtained by this technique, a. larger compressive test-
' f ·, 
.. · ·_ . ., ' 
' ·., 
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irrg machine would increase ·1t·s useful range, and inter-
. face temperature effects: could be completely eliminated 
by fixing the heat input and using the testing machine 
to va:ry interfitce pressure. 
1' 
One area which could be improved is the tech~·que 
or calculating ini till interface pressure. Th.e:-~inter--
··;face pres sure is extremely sen~i ti ve to diametrical 
interference and must be precisel-y de·termined to esta~ 
blish a base for ·cal~ulating operating pressures. Also, 
different materials should be substituted for the steel · 
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· A. Variable Notati·on and Values 
quantity description value (if fixed) 
' , .. \ 
• q 







heat flow per unit time 
. thermal conducti vi ty· .............. oc._., ••..•• ·2·6 ... BTU/l1r-rt~°F· · · · ... ,._ · ., · ·'·: . 
inter:race area 
temperature gradient at 
the joint 
joint conductance 
temperature drop across 
the· joint 
~ ' ~ inside radius of the out- 3.2; in 
er cylinder 
' 
pressure on the outside 
surface of the outer cy-
linder 
modulus of elasticity o~ 
the outer cylinder 
outside radius. of the 
outer cylinder 
outside radius of the 
inner cylinder 
p~essure on the inner 
· surface of · the inner 
cylinder 
modulus of elasticity of 
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• ~ ! -inside radius of the 
inner· cylinder 
.875 in .,.. :.• ... \ .. 
interface ·pressure 
Poision's ratio for the 
outside cylinder 
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·, .... , 
description 
Poisson' ·s ratio for the 
inside cylinder 
temperature distribtion 
coefficient of thermal 
expansion fo~ the out-
side cylinder 
coefficient of thermal 
expansion for the in-
side cylinder 
compressive load ap-
plied to the inside cy-
linder 
. hoop stress 
., - t. ) 
~ . ' ~ 
'~-;_l '' ,:·.~ j ' ' • ~. • •' 
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. ' ./ .. _,. ,·,. .. :, l 
value (if fixed) 
.26 
6.4 X 10'"'6 in/in-
OF 
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·.B· .. · 
:_" . 
,· ,, . Test Equipment 
' . 
·1. Eight copper-constantan Conax· thermocouples~, no. 
T-SS~G-T3-MIC-040-AT-3 
h 
Leeds and Northrup, no. 86861Millivolt Potentiometer 
.. 
and swl tching unit 
3. two Micro-Measurements strain gages, E4,-06-250AF-120 
4. Baldwin-Lima-Ham:i lton SR~lf- indicator, model 120-C 
;. Two Fischer mercury thermometers, readable to 1/4 .°F 
6. One Baldwin 60,000 pound testing machine 
-~- l ' 
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. RUN NUMBER 1 , 
heat input: . 
cooling vrater flow rate:. 
cooling ,-,ater tempera.ture 




626 lb /hr 
. m 
. 61. 5 °F 
64.5 °F . ,• '· 'C ' ' . . 
.r .. J. 






1 :oo 122037 
1 :20 128.67 
1 :4o 133.37 
2:00 134.75 
2:20 138 .72 
2:4o 138 .92 
3:00 19fflo88 
3:20 141 .08 
.. 
._.. -.- .... , .. 
~:! " .·· . . .. •. . . 
:. . ~ 
'.- .. 
' . .. .: . 
'i • : " A 
'. . . 
. ·~ ., ~ . 
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. ~ i . ,: ' . ji • ~ •.. ' . ~- ·~ 
, ,' ' ·; ' ' ;- l 
1
, I , 
, 'r 
< 
thermocouple number ' 
2 3 
.. - I 
99.,2 10·3.22 
117.62 122 .50· 
128 .08 133076 
134.79 140.88 
139.62 145. 52 
~ 
141 .4o 148 .04 
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108.39 1 «JO .00 
129.54 131.33 
141·088 143 e 96 
149.33 151. 50 
154.08 156.28 
1·57.42 159. 56 
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. RUN NUMBER 2 
heat input: 
' . .;} ,. . :,; ~ .... \ 
. . cooling water flow rate: 




Thermocoupler:: readings in °F: 
• 
,.: .' " . 





636 lbzn/hr . ,, ' ;·.:, ,; '--=. 




\\.: \'· ' 
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i ... ,• . ... '. . ' ' ' · .. , .. ·.··.. ·': ' . :· .. 
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. . . ·:- -.\'' \. · .... ,, 
J . . :· 
I '., . \~ ·, p;-' • ' 
'.' '•- ,:( ,;-, .{1 '· '• . ' . ., 
.... · ... 
. ·i·-
' _ r,J ,, .'. • ,,,·;,,, .• 
,, r \' i . 
,.' .. ;., . ,: . 
. " ,', 
., _ll. ·. 
. ' . 
- ' -
' thermocouple number 
-time 1 . \' .2 .. 3 4 
75.83 0 ' J .. 
:20 95.39 99.00 1·.03.39 1·09.87 
:4o 118.~87 1·2). 75 129.37 137.80 
1:00 132.83 138.28 144s96 1:55021' 
1.: 20 141·.52 148.12 15'5'. 21' 1:66.36 
1 :4o 147.88 155.04 162.24 173.88 
2:00 149.41 1.57 037 1·65.40 178 .. e77 
2:20 153e 96 1·61.96 1;69.96 1·82 084 
2:4o 1155.92 164.36 172. 56 185~81 
3:00 15'7. 96 166.04 174.12 1·87.08 
3:20 156. 56 165. 5'2 1'.74.08 1-:87. 58 
- ..t-
. . 
" .. ·,,. . 
. ... . 
;t . ' . \-' ·, ! .. • ·-~ ! ., ' • 
~ ' ;. 
·•. 
,; . ' '..: "'.,/ .. 
\ I 1 ~. ,,'.,'.•~ '··: • ' ' • •~ 
1 
-
, .;r, I 
' ' I ,·~ ' 
. ·,1 
' ,· .. '·, 
. ,· . ' 
~. ~· • f;1 _,'· ~·-
. ' ' . . -
. ' • ' , ',' ;~'r ~- ·;.}'; 
' • ' ,t_ J 
'L ~· ' . "t 
I . ' . . . •.·. ;, 1' ,, 
• "' : ~ !'>. ' • ; 
.,. 
' -' • ' '. -·,,,.', ·, ,·, ,. i , .•.. 1;. 
, ,, , ' .. ·,; ! • I • , ~ l i - , , 1 ' • 1 > ' 
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~ j ,/ -,. "'e,. 
• I 
IC:•'\·: '.' ,, ' • 
., ,_j ' 
' . - ' 
,, ' J • 
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112.13 115.33 118 .• 87 1·26.30 
14oe79 14,.84 149054 157 0 75 
1:5·8044 1 :65o 24 169068 178000 
169.76 177.60 1·:82. 50 191.04 
177 .32 185 •.. 65 190.80 1·99.92 
181076 1_~900 80 196023 205. 15 
1 ·86.80 196.1·1! 201 .48 21 o.a; 
189.58 199.12 204.46 213.69 
191.04 200073 206.1 5 215@38 
1·91·:. 52 201·.4o 206.88 216.15' 
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RCJN NUMBER J 
~eat input: 
. ' ' 
. ~- .. ' 
'. cooling water flow rate: 












·th_~rmocouple readings in °F: 
thermocouple number· 
,. 
time 1 2 3, 4 5 6 
0 73.55 . 
:20 101 .17 104.87 109.50 1116.61' 119.48 1123. 71 
. 
:4o 126.61: 1'32e46 1·38.68 1:48.50 1·51·,.42 1157 017 
1;:00 141:a56 148096 156.46 1;68 oOO 171036 178 .61 
1 :20 151 .46 159.32 167 .12 .179.85 184.16 192.72 
1'1: 4o 1,·,a.76 1'67 .08 175.20 188.44 193.38 202.65 
2:00 159e92 169. 16 178.27 192060 198.38 207 .69 
2:20 163.96 172 .• 61+ 181.24 195 .o4 200.85 21 o. 73 
2:4o 1'65.4o 174.72 1;83. 76 1'98 .oo 204.oo 21:3 .92 
3:00 1 ·67. 52 176. 72 185069 1'99096 206.54 216.6? 
3:20 167.32 176080 1'86000 200069 207 ol.t.6 217 085 
3:4o 168.60 178 .15 187.1+2 201 .68 208.04 217 .92 
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• ,' • '_' I ' ,~ 
' !'_,, • . 
( .... '·. ( " ··.:,-
cooling water flow rate:. 
cooling water temperature 
in: 
. ' •'· 
. ', 
. , 
out: l I ' 
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,, ' ., 
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, I , 
. ... \ --- - ~- ,.. -
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• 
. thermocouple number ' 
' 1 2 3 
83.0 
' 
106. 91 110.83 1~1,.,4 
. 
134075 14o .a3· 147.44 
1·51062 158 0 92 166060 
161 .16 1 ·69.36 177.72 
165.32 174.32 183.48 
169.00 178 .92 188 .48 
1·70.32 1·80 0 72 1·90 0 56 
1·72:. 96 184.96 1.93.00 
173.48 1'83. 92 193.69 
1740 52 1·84.84 1··94065 
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- '; ' :1 
' ·' --·: ' 
I ' . ": ~-.-: • 
·~ l •, ' ' 





. - ' ' 
. . . ' - . ~-
' ' \ . 
. ~ I .::: , , ; 
4 5 
122.88 12;.25 
157 .96 1:61'.12 
179.04 183024 
1·91 .32 19q.69 
197.76 204.54 
203.1·5 210c62 








~ . . 
~ ~·:!~ .. I • -~ 
6 7 8 
-
, 
128.83 1·132:.1+2 1:l+o.83 
1;67 .16 173 .08 1~81 .64 
191 .48 197 .oo 207.38 
20,.92 21 ·1 .81 222.57 
21·4.58 222.81 231~. 58 
220.65 2~7.00 238.00 
224e 15 230.42 241-.37 
226.48 232074 243.69 
227.77 234.12 245.74 
228085 235011', 246.111 
229.89 236.22 247.26 
,I 
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cooling ~rater flow rate: 










. 65'.7 F. 
• ' I 
. ' ' 
' •·',•, . 
J ·•• 
·-:- .' r:1-· '" ·.· ' . 
. ' \ . ,, 
.•, 
\. • ,. ' .; ' ~' ·, \:. ! 
. - ' } 












· :·2a 107.04 11·1·1.63 1·16. 5'6 124.46 12·6.70 1·38. 96 134.52 
4 ·4o 4l • 1:30025 1~37 e25' 144.29 155.21 158020 16)f i) 60 i 68092 
1·,·: 00 147.96 156.40 164.oo 176.36 1·80.48 189.04 194.85 
1 :20 1,e.4a 167.4>+ 176.21+ 190.>+o 19·4.81 203 .81·1 209.81 
1 :lt-0 
2:00 1·,68.92 1·,78.5'4 1187. 96 202.e5 208.80 21··8.42 224.63 
2:20 1·70.76 180.84. 1·90. 56 205.65' 21·2.31 222.46 228.62 
2··>+o •• 170.36 180.60 190. ,6 ~05.92 21:3.46 224.74 230.42 
3:00 173 .3-=2 183 a 12 1·920 64 207062 21.5039 22601·4 232058 
' 
3:20 171 .4o 1·82077 192020 207069 21'5o96 226074 23~· L1'j .5 o r . 
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RUN NUMBER 6 
.......... 
heat input: _ 
cooling \tater fl·ow rate: 
cooling t·1ater temperature 
i11~ 
. out: 
' ' ( :·, ' 
,' • ~ • !; 
' ' ,../ 1 '' ............ ' 
''\ •1 ..• 
1 . 
·, 
· 31,0 BTU/hr. 
624 lbm/hr 
' 
61·;. 5 °F · · 
66.5 °F 
·., ... 













·:20 104.74 109.51+ 114.62·~ 122.29 1:24. 71·· 128.83· 
. 
:4o 132. 5'0 1.39. ,o- 1-46. 62-- 158012 161056 1:69000 
11:00 1'49o t:5 157 e42 1'65096 i79o04 1.83 028 191 o 72 
• 
1':20 1·58 .48 167.36 1·i76.36 1·92.32~ 1·195.24 204.62: 
1/:40 '·164.12 1·74.oo · 
~-
·183.64 198 .58 205.3, 21-5.38 
2:00 1'69 084 179e 92 1'.89e92 20?e3? 212088 223 0 23 
2:20 173008 1···82065 19200Lr 207.00 214.96 225.69 
2:4o 1·72.12 182.73 192~.64 208.08 21~6.1, 226.81 
· 3:00 1·73.12 183.24 193.1·2 208.48 21·6. 52 227 Q 1·5 
3:20 1720 92 1-83.08 193004 208.48 21 ·6085·· 227.85 
3:4o 
4:00 173.08 183.40 193.31 208.64 21/i7 .38 228.28 
' 







17402~- 1 Bl~. 52 
197 060 208.08 
21;0. 58 .220.81/ 
221-.89 232.92 
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' ' ' . 
,' ;· ' .-. . ' 
r;~ ' • ' ' ' 
,: . '. ·', ; ' . ' . ,• 
. i. ~ ,:,. -~ ·\_·' ', ,4' i"" ... ' . ' ._ ', 
I 
,- '•, 
. , -. ~ ". : '. r, 
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Ill - jr-===. 
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' ,, ' .. . ' 
RUN NUMBER 7 
heat input: 
' . 
;:-. ~.. '. 
' ,I' • ·.:-··,· I '.., ) I 
·1-. ' ' 
. ,u ' 
,· ,- ,-,'..,. .. ··. 
' . ~' 
82· 
' ... 
. '. . ':- . 
3270 BTU/hr 
cooling water flow rate: . · . ·· 61.7 lb /hr 
.. m 
. 
cooling water temperature ·: .· · 
in: ·· · 
. . ' 
.. 
; - ~ • ' 1, 
. ,I ., 
-~ . '
.• . ' . . .·, . . . 
''.; ,, '• 
. ~\' ', . 
_ .... _ ]' .. ,• 
~:~ ::~ ., 
.. , ,-,, . v::: 
-·. ~f .· • ' out: , 
. ' ,
. ' ;_' :·'·· . 
. 
' 
thermocouple readings in °F: .  ' . ,. 
, 
. 




·4 ; 6' 7 ···8 1 2 . , 3 ' 
0 98.17 . --. 
' 
.: 21 ·: 118.88 123.~ 1129. 71( 1··138.88 t41 .6q. 146.62· 1:,1:.12 164.52 
~40 139.88 1·;46.88 154036 166.60 1.70.08 1;77 088 183.08 193e 58 
1·:00 1'i55o83 163 0 52 172020 186e00 190. 52 1··j99.65 205073 21 ·6. 71 
1':20 1'64. 72 173.60 1··82.46 1·96.62 202.42 212.27 218. 54 229.74 
1·;:40 173.28 182.46 191· .32 205.77 21.2.35 222.23 228 G 62> 2394)89 
2:00 175004 184068 194.27 209050 218008 228 061· 23502·2 2~t6o65 
2:20 178020 188020 197.76 212.-73 221 ·.62 232.1, 238.85 250.41 
2:40 1,?91.-64 189.58 1··99. 3:5 21·4.62 224.67 235.52 242.22 253.89 
~ 
3:02 178 .85 1··.89. 54 199. 58 215035 226.44 237.42 244.22 255.85 
3:22 180008 190.32 200035 215081·: 226081 237088 244067 256.30 
3:1+0·· 180.68 191 .12 201.16 21··6. 70 228.31 239.5'6 246.42 258.22 
4:00 178.73 189.54 199.92· 216.00 228.65 239.89 246.73 258. ': 1: 
., 






.' ', .. 
"I • _,, • ... J ~ _;. :; ·~r.' I ·: .• ' ,' • 
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' _,. ; 
!• . . 
~' ' I... 
' . ' '?'' 
'. -': ' ' . ,, : 
• •:, I • { • 
. , .·'.r. : :: , ; 
' - .• •. ,' i ~·. 
. ' 1:.' ' .•. ·:. • ' . :. '· ~, , ' ' 
• ·,-... t • , ~ I, 
. . . 
,r' 
. ·,:, ·, ,, ., 
. . . 
,. ., . 
• • ' I ' •• > 




. . ·~ . 
\, 
~. • ' C- ' 
.~, . _ ,. ' ' 
,' l '( 
' ' . . '.l 
,; ... 1, 
. - ?', . 
,I; ., 
••';' 
I ' ' .II . .> 




. . ,,, ' i . . .·· " < " .·.·.· ·... '. i;:. : ', .-; . ,' :: ,;: . ' ' ' . 
. . . , . - 1-~ ~ • . .. , / .- .,_ ~\ .. . J;I' , ·.1, . . . . . ,'.( . - r . , • . • . , 
, , r, ., .. 1, , 1 , • 
S.· ·'··, , , ,,.• . . ,, •.. 1, • '1.' 
•~···· • 
'_··, ,."' ·,· ' '.j ·;. '.' ' ,' .,,._' ., . 
. • .• ·•· .· •,;·;' ' ' . ."'.I: '1 . 
:· ' . ' . " ' .... ·. :, '' . i· :_. \ ~ , J ' -1- ' ·; .::.;'. 
' ~.' .. ,' • ·t • • ·,",• C • • \ .. ;' •' _,.._. I' :,i, L .~ l• ' >' •,, ' 
. -,,, 1: 
:' .}.' - I. , ·i, '.' -. 1 ;1 
. ., . 
'\ . '. . '~ ' • ' ' -, : r.' - • 
; ' 





, ... , 




. ' , ·,-, 
-, \ 
.. -
- ';;, -- - . ': ~' 
. ' ''. 
' r • , ; 
,· -··-·-
. ,,,.' 
- • ' :'·: .. • ! -.• ]. : 
'_'.I ,-
. ,·--· ·-
:_ ...... _19 ·:...:_ ~---=- - -
. ,.83 
. 
RUN !fvru:MBER. · 8 . . ' ~ \ 
'J . 
. :·. .,' 
heat ir1put : 
'":' :,-
. . 3370 BTU/hr 
· cooli11g water flow rate:· 




thermocouple· readings in °F: 
" 
' .· ~;;" :' 
" ~.. . ',''· 
' • •• • 'I ';,, ,I ,._ • ':,, 
: ' < i:. 
,•' •, :_. ~: r • 
,· ·.-· . 
,-~ ' 
., ' I .' • • :. ,,. ·, • 
·_ ·:,. \· . - ' ,. 
:;:,; ,,,' 
. - -





















1~37 052 11~3068 
155.46 1·63 .• 72 
1'65.48 1.74. 52 
173.4o 1·83 &04 











... - . -~ ~- . . ·. .-·. 
',' . . •.,\·.... .. . .. \• .. 
3 4 5 
. 
114. 67 1·:23 .o4 1·25. 71 
1900 72 1·62000 1\65 020 
172.20 t85 .92 1-·90 •. 52 
t1 
1·83.64 198 ~31' 204.77 
192064 207 058 215a58 
195088 211 .39 221019 
200.38 21··5. 77 225.,4 
202.35 218 .31. 228 •. 92 
2ol~o 96 220 089 232035 
; 
204061 220G73 2340 ,lf. 
207.46 223 .31 · 236.89 
207.08 223.08 238.22 
.. 
208.44 224.1'1 238.70 
-
' ' 
' 'J, • 1 - ', I 
, ,,,,, 0 • ' \R t " • • • 
- I ', 
. {' 
,:, 
,, ,:: ) . .'.: • ' L 
' .' 
- 'i ... 
• ' I I 
•. ' I ~. -;:.:~i ,· ·:., ·,., • • • . <, l ' 
... ·" 
' : ~ 
' ·,. 
.. , ·. 
. '. 
. ·,:_ • ' i" . , .. ·, 
. ' ' . . 
.. 
~ ' . . . 
... . 
,, '- '. 
.:; ' . 
. I 
,• ' ' 
,, .''·. 1 • ,. 
'e, 
6 7 
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•• ·,, ' t,, 
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• •'•' ' ·, -Q . ~ • I ,'I ,) '\'·', 
; ., 
.. ,... •.,, ,, . 
,• - l ,· :; ': t • • .:.·,,: .• :. • ' ' :···· ,· ' 
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~ .· ' ··-·· 
RUN NUMBER 9 . 
heat input : , 
,, . 
., . 






. . ·. i\ \, J~. 
'f ·' •, ~· 
. ' ' 
. '· 





.( ' ' 
" . . 
. :, . ' ' .,.: 
""'!' .• 
. .' ·~ '. ' •. 
,, 
( : ·., . ' 
,j . • 
' .. · : 
, el, . ,. ' • '. 
. .. ~ . 
I• ..,L..,, ·~ • , . 
~ ~ •, . 
' / ... , 
.. 
', ' 
.~f'... ' ... :. '· 
· .. •··· .. ,, . d~ 
cooling water :flow rate: ' .635' lbm,/hr . t',· .. 
1 .. : •• ;~ ~~:,1 • • ~ '.~· ' 
' ~. ' 
... cooling water temperature: 








" ; \ 
J \ • 
. \ 
', . 
. \: / '· -.. . 




' ., I 
... 
' . ' 0 thermocouple readings in F: 
thermocouple number 
. 
time 1 2 3 4 5 6 
·o 82.09 -
. 
:20 108.22 112. 78 118.43 1.26.57 128. 75' 1:32.83 
:40 1·41 .08 148 0 29 1·56012 1·68 .1-'2 1 .. 70 0 64 177076 
1·::00 1·:58.08 167.08 1;76. 52 190.32 193 .31 207. 77 
•· 
1·:20 168.12 178. 50 1·88. 60· 203.77 206.38 21··;. 38 
-·-· ' 
1-·:40 176012 186.80 197 e 20 213 .12 218 .oo 228 .oo 
2:00 183.1·6 1·94.08 204. 1··2 218065 226048 236000 
2:20 179.94 190.24 200.08 215. 73 233.63 245.85 
2··4o •• 178.28- 1·89. 23 199.62 216. 56 238.74 25'0 .19 
-3:00 180. 16 190 0 76 200e96 217 G85 242011 253 o 18 
3:20 182.62 193. 50 204.12 221 .31 245.89. 257 ol~1 · 
3:4o 186.00 197.36 208.04 224.56 2lf6 8t1 , ., . 299.~ 
4:oo 1·85.67 197.00 207.89· 224.74 248 .11: 261 .41 
4:20 
~ 
>+:4o 186.20 198.00 208.96 226.74 2,1.11 264.81. 
1, 
r :-rv ·. . ,- j. . ..,. ~· . '!\'' 
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,. ', ,. -·,/ . 
.,.: "'(, 
,·J '. . 




' r '.,.· , • .., 
' : ·~ 
~ : ·',' '~ . / . 





• . . ' r; 
.·I 
" 'ii_., -! . 
-~" ., ·-.. ' 
1·, • ,.,.', .. 
. ' 
., 




. ~ .. f.·,· ,;, r, . ;, . \ , , .. ,. 




I I ,'· . ' i, .• • .' ~'' 
'.'- 5 ·. ,l, ',' \ • ' jl'j.• \~ •. /l'' ·~it i • 
··~ .: '61') '-;, • • '. ' ·, ' ' ' ' ' 
·,:}:':.., • •;. 
···~,·' ~ ' •J . .,1 
' 
• • ~._;· ~ . • , '1l~ • .,_, ' N,,1 , • ';~-1 .ri ,_. ~ /\.: .. \.,r,.:]:.:···:. ! .. ~,., •• • • • i~ ...... :·,, .... :' .·,,· - ,' .,· .·, .· • J ,'.' ' .i: ' - ' -''t ' ' . ~ l.~. ',' ~ . ' .' . ~ .. '' ' . .. - ' 
:.,.' 1~·. ;~· , ·:·.:~ I~ '• t. }~·.,;: ':,, ... :~:.: .. ' .. ,·.'.·· .. ' . ,•'·l>:·~'. ·~ •'\. ,._/ ""' ~'\ ' -.. ' ',.' . •t r,· •,', ·.,., .. - ••• •·• 
•' 
- ' I : ,.- 1''1 ~.'ir1:>,.f, ,: .. o ·: O,• '> 
• ·:· /' r ,', /. •• , • .·'' _,i.:.'· ,I• , ,.1~!1./.'J . : '.', . . . - f I ::. , . 
'* .. I ' • i " ,. 
• f'("""•~' 
l~·. 
-· p .. -..... -. 





. RUN NUMBER 10 
heat inpt1t: ~ 
:... . ' . 
. , . 
...... 
3650 BTU/hr. . 
. cooling 1r1ater flow rate: 
cooling water temperature 
635 lbm/hr _ 






thermocouple readings in °F: 
. " . . thermocouple number ' { . . 
time 1 2 3 4 5 6 7 8 
.. 0 84. 17 ~ .. .. 
·:. -- . --
:20 108025 11·4.25 120.54 1~29. 54 1·32.83 1"36.42 141 .40 1 51·-. 79 
. 
:4o 142.12 149.17 t'57.04 169.60 173 .12 1··80.92 186.28 197.28 
1 ·:00 159 028 168. 20 1·77. 56 192.24 198.04 207.31 213.65 22;.11 
' 
1·:20 171 .oo 1 ·80. 76 190.72 206.42 215.42 225.69 232.3, 2lJl+.;2 
1 :4o 176.32 1·87.00 197.48 213.e 77 226e 18 237000 243088 256.48 
' 
2~:00 179.52 190.60 201 .28 217.69 234.50 245.59 252.22 264.85 
2:20 182069 193. 50 204.65' 220.96 240.81 252.i.4 259.74 271.,5 
2~:4o 184.33 195.92., 206e69 223e35 244.48 256&67 263.48 275089 •, 
3·:00 186.00 197.60 208.56 225.15 246.54 259.48 266059 278089 
3:20 186. 60 198.23 209.31 226.44 248.74 2q1 .85 268.75 281.37 
3:4o 187 023 1980 96 210.19 227. 61 25'1 .12 264.67 271.78 284.21 
... 
4:00 188.4o 200. 12 211 e 35 228 0 58 252074 266044 273052 286021 
4:20 189. 54 200.69 211.46 228.27 25'3. 78 267.89 275 .11 287 096 
;., · .•. \ '1· ' 
. . 
" 
• • .' r > • 
J 'I' 
' - ' 
'. \ 4:4o 187 0 61 199.92 211 .48 229.26 254.70 268.75 276.00 288.75. 
. . --·-· -·····-···"·.-/ ... ::: ·,":.o.. 
* 




· ..• .-. ,_-, ,,.., ,.,. ~:."."i:-.':\ ,;.. . . . . . 
- I~ ---'"--____..~-."-·-:-= :_ - --- - - - - - -
. 
This set of data tva.s recorded a..,c s~cea.cly state for 
a heat input of 3820 BTU/hr and a cooling water 
exit temperature of 69 OF. 
. I 
'. ' . ' 
' . : '":. 
: ' I . 
. . 
-- -,:· ,._ .. _ -- .... , ----~--· ·-----"-- . 
- . ,-,--
l:: ' '. 
" ", •. ,', I , 
•,' .:•,1. ; . 
. , r , -.: . . .. , , . 
. ',';.:,, ' . ,. ' . 
. '\ 




- ;,l ' . 
. ' 
. ' 
·-~· "'wil,; ' 
. ' 
'· 1. 














-!'·"""._.._..~,....:,,~- ·_.'. . ,, ... - .... , ·- ,., ..•.. ' ·' . ,,! ',:··, .,.: ~, · .. ,·: .-"-·.'.. :~· ::. . . .: ...... , ·, :_.~_ .. ·- ;._" '_-_;_;:_; :~ ' .. 
. 
,..t'" 
. . ' ' 
r.: ·~ . 
;.°I,. 






RUN NUMBER 111 · . 
heat input: 
• I • • . '' ·. ' 
. ,.,, 
',· 
. ~ ..__, 
. ' 
cooling water flow rate: 
,,. 








/'..\ l' ' . ·.' . . . . ·• ... ,·· \ ... ,' . ·: :.· ; ' : < / . . ' . . . 
, . . 'r . _.. ' 
'·f., ' ,- " ) ; 
' .· : ' ~· ' , 
; ' ,_. ;. 1, • : 
( •. ,... 
.· . • . ·J ~' . 
. ..: 1.- , 
' I, ; /~ ~J 
'\·-
",1 _._ ...... 
. thermocouple readings in °F: · 
" 
. 
. thermocouple number . ,, ' 
I 















2:00 18;.46 ·197 .oo 207.92 22;. 31·· 255.18 268.92 27;.96 289.82. 
' 
2:20 
2:50 192.04 204.77. 215. 5'8 233.5'6 270.00 285'.11 292.36 306.39 
. 
3:00 
3:20 194.85 207.77 218.62 236.96 277.00 292.72 299.74 311+.1~J+ ... 
3:40 
~ 
-· 4:oo 194.81 207.73 21·9.69 238.63 282.27 295·~28 302 .• 2; 315~-,, 
4:20 









,:20 196.04 208.32 220.77 239~1-, ·284. 7'5 298.61 305.86 319.89 
. . 
13 . . . 
- ,., 
'l .i, i •,. 
' . !!! 
i-·-, t 
' I.· 
''.,. ,• ,~' I 
,,, , . ;.,._./ · .:. ~ 
' ~.. . ' 
• ', :'T j .! ' ~ .,, 
~; • . . ,.; ii- ·, ·, ) ~ •. ', ••• 
:, ~ .. , ! ) .. I , ' ' • , ,' ,· ~ 
·\"· • • ·,. 1 )~{, ) .:_ .--.·- •• , 
. '• - . \ ' ~ 
. ':· ' 
• •, - \ .. :,'.-, : ' ,'i ' I' • 
\ • ·,, ' ,' , L ' • • 
. ,· . :: .' . .':,_.o.;:.;:· .:;I/::\: ... :·:.- ·,::·:( . 
' ,··, . ,. :;~\. _,' ,· ·;, ; _·;.,, . . ' . ' : 1"•' 
. ,·.· ~ / '' 
>(' 1." : ' ·.. - -\ • ~. 
~ , ' , . • ,o ;•,,' ' I ' ' 
•• J • .; • • !, ·}.' . 
. ' . 
•' A ·.' ' { . :' ' .. 
. ( ·'' ·. -
C -~ ' 1, ,., ' • 
., ,' 1 ' 
J. 
. ' . 
' i' 
' ' 
' ' ~ 









< ,,:, • I 
. . . 
:'.I" 
I 
. . .. " ..... ' ''. . ~".. "--~- ; . '' ,• . ·.' ... 
. ~ ' ., ,-: 
. .,, . 
.a1· ·· 
, .. ' •' ' ' ··.•· ' 






• j' .•'. 
' ,' 
:): 
. Y1; ... · .. ,. .,~ . , . ~-
,-
..• RUN NUMBER 12 * 
/:' w 
• I ,r .. 





r ,. • , 
~ I ·., , 1• - • : -I' ' 
. "{, - ' 
heat i11put: 4600 BTU/hr' , . \:-. . j·~;'_ ,'\ .' ·: 
c.ooling water flow rate: .. 610 lb /hr .. ,.;:· - · 
. m c\, 
cooling water tanper.ature 
in:. · 
.. t· G>U • .,. " . . 




DC1 o-3) 1 2 ·3 4 5 6 7 8 
'' 
20 197.28 209.65 221 .38 24oe23 285.15 299.37 306.82 321 .11 
.. 40 197.04 209.46 221 .34 24o.27 285.30 299.81 307.25 321 .21 
. 
,; 198.77 211 .34 223.46 242.59 279.93 298.04 305.82 320.2, 
\ . 
. ~ . 
•. 
,. 
This run is a continuation of run number 11 with 
axial loading applied to the inner cylinder. The 
temperatures listed are steady state temperatures. 
for the given load. 
•. ' 
I • ..... 
. ,, - . 
. ,>! 
' 
'. ' . ' . 
.' ·- . 
. " 
t ..... ;.. ' ,. : . , . 
' . ' i V, . 
. ' . . , . • ·:r~ :. ~ -• . 
' J.. . ·. • ~-
. _,.,:·, . 
'_.,. .-
,·,> : _, 
'· 
. ' 
-~ , , 
., ' 
.,·•., 
,( < L' 
. ' 
' .,' 
--.-, ,, . ' 
i ' 
. . -. ~~ ' .. 
,, 
:, . . ; . '' :' • '..J • 
. -









•' \ ~- . 















' - \ ,·, 
• ' ),00 • 
' 
RUN NUMBER 13· ......... · ·, · .. ·. 
heat input: 
cooling water flow rate: · 





600 lb /hr 
. m 
~' 
62 . °F 
70~; °F 
thermocouple readings in °F: 
thermocouple number 
• 
time 1 2 ·3 4 5 6 
'• 
0 81 ~3, 
. 
:20 11-0. 96 116. 61 123.00 132.80 135.75· 141--·.32 
. 
:40 146004 154032 162~o8L.- · 17602D t:81 048 191· 024 
1-.. : 00 165.52 175. 92'.~ 1-;86. 00 201.44 21-3=:.a,· 225.50 
... 
1 ·::·20 1·76.76. 1-87.96 198 .58 2:1 5'. 1-·,· 236.6? 249 .81:· 
. 
1 ·: 4o 1~84.48 1··95 e,44 206.1·2 223004 251"e26 :268 .oo 
'I 
t:00 188e5'6 200050 212000 229.059 263004 281~01,~ 
2:~: 20 190.80 203.08 21·4.81 233.22 271 .81 291·.07 
2:4o 1~93.1 ·9 205.23 216. 93 235.96 274.37 293.43 
3:00 193088 206e 31 21-8019 237 008 277014 297c?8 
P' . 
3:20 1·94.72 2·07 008 21-8. 96 238030 281-·.48 303057 
3:4o 196.38 208.68 220.35 239G33 289.39 308.78 
~-:oo 198065 211 .42 223023 242.15 294004 311:.004 
4:20 1980 77 211015 222085' 241078 297 057 31203'6 
4:4o 200.81: 213 .31 225 .12 244.11 299.22 314.82 
• 
5': 00 201028 213-. 96 225~73 244.74 302.214 31··7 e61 
' 5:20 1'.99073: 212085 22408°11' a4>+"' att) 3090~6 320o3~ 
5':4o 201.04 21-4.15 226.44 246.42 306.64 321.71· 
' 




i, . ' 
i' . ,.-·._ . 
J' ,' :. ' •.. ' 
. ,-,.. '.,,. :· 
l ,,.,.; ·::·· ' .. 
7•' ~ f; I •' ' 
' ~ ., • l '' • • • 








11)5.84 1'56. 76 




288028 302 .61··! 
298.46 31·2.82 
300.71· 314.14 
305014 31 ·9. 71 
310.89 325. 71 
31··5 •.. 86 330.32 
318069 332. 61-· 
318059 331· G 55 
321'' e 18 335. 71 
324068 339.17 
3Q1 o3l,r 31+1· 0 90 
328 .50· 343.07 
_i. l,· ·' . ,. 
"' 
. ' 
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. - ........ 
-1_, 
I I '-;?' :, 
RUN NUMBER 14* 
beat input: 
' . 
...... . . 
., 
cooling water flow rate: 
cooling water temperature 
in: 
out: 
' ·;".:¥'.·>'··,.'_;>~ .. · .. -· ·!' .·.:.· '·y"· { ·:' .·. "< . 
. ' 
1+130 BTU/hr 






thermocouple reading-s in °F: 
. 
··"', 
oad thermocouple number 
(lbs3) ·' . 




20 2ot>:.23 213.34 225.77 24,.85 307.11 322.93·. 
4o 200.23·· 212.81 224.74 244.92: 306.28 322. 71' 








,, _.'. '·r -_ 
,,l, ,, . It, 
I·,-
\ . ,i ,., 
:;>.·· 
". 
. '.'.•' }_· 
: . . 
' ' 










·. ·_': ·.- . ' 
- ., ' ,"·':. 
- ' 





*Ifote: This run is .a conti.nuation 9f run number 13 with 
axial . loading applied to the inner cylinder. The 
temperatures listed are -steady state temperatures 
for the given load. 
,,. ~ 
' L ,•. 
!' ' ' . ·,' 
I, ;.":k. • . -: ... ' ... 
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. ' . ·,:· 




. -.,,, ' ,' 
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'. -:': .. ·.'1 ...... 
' - ,. ... 
;., f .1 ·, r.' 
.. i·r· 
, ~. ~ . ' 
• L ' ' 
•"-·,· 
• ' . 
{,., .• ! -j" ;,.,: 
·xII." REFERENCES ::.~· - ·- . . . . . a' ., • r 
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